The thermodynamic activity of Si0 2 in Ca0-Si0 2 -TiO x slags was measured by the slag-metal-gas equilibrium method. Slags containing up to 43 mol% TiO x , were equilibrated with molten copper in molybdenum crucibles in H 2 -H 2 0-Ar gas atmosphere.
I. INTRODUCTION
Raman spectroscopic studies showing that the Ti Vol. 20, No. 2, 2001 Silica Activity and Raman Spectra of the Ca0-Si0 2 -Ti0 x System study of the thermodynamic properties of complex blast furnace slags, carried out by Morizana and co-workers
1221.
The effect of titania on silica activity in the CaOSi0 2 -Ti0 2 system was recently examined by the Knudsen mass spectrometric method 1231. For melts with constant mole fraction of Si0 2 , it was found that the Si0 2 activity increased with increasing Ti0 2 concentration.
This paper presents results on silica activity measurements in the Ca0-Si0 2 -Ti0 2 system, with a relatively high proportion of titanium present in the reduced Ti 3+ state, using a metal-slag-gas equilibrium method. The thermodynamic properties of a silicate slag depend strongly on the silicate structure. This paper also reports on the silicate-titanate structure of Ca0-Si0 2 -TiO x slags obtained under oxidising and reducing conditions, as studied by Raman spectroscopy. 
II. EXPERIMENTAL

A. Measurement of Silica Activity
Activity of silica in the Ca0-Si0 2 -Ti0 x system was measured by the metal-slag-gas equilibrium method.
15 g of chemically pure copper (>99.999%) and 4 g of master slag powder were placed in a molybdenum crucible. The compositions of the 14 different CaOSi0 2 -Ti0 2 master slags used in the study, prepared through a repeated melting and grinding procedure /18,19/, are specified in Table I .
The reducing gas atmosphere in the two main series of metal-slag-gas experiments was made up by mixing hydrogen, water vapour and argon. Both the argon and hydrogen gases were purified by passing them through silica gel to remove moisture. Argon was deoxidized by passing it over copper-turnings heated to 873 K. A preliminary series of experiments was also carried out in a C0-C0 2 -Ar gas atmosphere, made from a premixed C0/C0 2 gas mixture and argon. The targeted water vapour pressure was obtained by the following method described by Gokcen /26/. The purified hydrogen was passed through three sets of glass bubbler bottles containing a saturated lithium chloride water solution. The bottles were immersed in a temperature controlled water bath. The moisture content in the reaction gas obtained at different temperatures was also analysed by a calibrated Fison VG Prima 600, scanning magnetic sector mass spectrometer. The massspectrometric results in comparison with calculated water vapour pressure using data from 1261 are shown in Figure 1 . Measured water vapour pressures were slightly higher than those detenuined by Gokcen 1261.
The hydrogen-water vapour mixture generated over The minimum time needed to achieve equilibrium between the copper, slag and gas phases, was In addition to GDMS analysis, copper samples were also analysed for molybdenum, silicon and titanium, using ICP-AES. The samples were prepared by dissolving drilled copper turnings by a standard procedure. The error of measurement of the molybdenum and silicon concentrations is quoted to be around 2 percent. The minimum detection level for titanium was 0.5 parts per million. However, both the GDMS and ICP-AES techniques yielded poor results for titanium in copper.
B. Raman Spectroscopy
Changes in structure due to changes in oxygen potential were investigated by Raman spectroscopy. The quenched equilibrated slags and the master slags (premelted in air) were investigated. Raman spectra of pieces of slags were taken using a Renishaw Raman Microscope 2000, with a helium laser (wave no. 6.14).
The slag samples were scanned over the Raman shift interval 100 to 1500 cm" 
III. RESULTS AND DISCUSSION
A. Silica activity in the Ca0-Si0 2 -Ti0 x system
Results of the equilibrium experiment series are presented in Tables II to IV. As seen from Table II , measured molybdenum concentrations in the equilibrated copper rarely exceeded 200 ppm and showed no effect on the interpreted results. In the equilibrated slag, concentrations of copper and molybdenum were also low (Table II) .
The concentrations of titanium in copper were extremely inconsistent (Tables II-IV) due to very low titanium content. These results were disregarded from further discussion. Concentrations of silicon in copper were several orders of magnitude higher than those determined for titanium and were reasonably consistent.
The relative error of measurements of silicon content in copper was estimated to be ±30%.
The activity of Si0 2 in a slag was determined using the equilibrium constant K 2 for reaction (2) as follows. [2] (2) (3) where: γ & is the activity coefficient for silicon in copper and X Si is the equilibrium concentration of silicon in liquid copper.
The equilibrium constant was calculated from the standard Gibbs free energy for reaction (2) 2. The intensity of the peak between 1020 and 1030 cm" 1 increases while the intensity of the peak at 950cm" 1 decreases with increasing titanium content of the slag. The intensity of the peak located at 850 cm"' decreases slightly with the introduction of 14 wt% titanium; with further addition of Ti0 2 up to 21 wt%, the intensity of this peak increases rapidly.
3.
A new peak appears in the band of 750 to 800 cm"'. Thus, the increasing intensity of this peak is due to both the appearance of the Ti 2 0 6 4 " chain and the shift in silica structural units partitioning towards depolymerised units. In slags containing 21 wt% Ti0 2 , silicate monomers, titanate chains and (Si,Ti)-sheets are the predominant structural units.
Its intensity increases with increasing
(4) As the titanium concentration increases, the peak between 750 and 800 cm" 
In samples with 7 and 14wt% Ti0 2 , the predominant structural Ti 4+ unit is Ti0 4 4 '. In the sample with 21 wt% Ti0 2 , the Ti 2 0 6 4 " is likely to be the main structural unit.
The relationship between concentrations of titanate and silicate structural units may be presented by reaction (6) , which reflects experimental observation of the competition of the titanate and silicate units to coordinate with the Ca 2+ ion 121.
Following the equilibrium constant for reaction (6) , in a slag of a given Ca0/Si0 2 ratio, a decrease in the fraction of silicate complexes would occur in favour of titanate complexes and depolymerised silica units (monomers). An addition of Ti0 2 to a molten silicate with no free O 2 " alters the ratio between polymerised and de-polymerised silicate units.
Changes in the Raman spectra of the Ca0-Si0 2 system with addition of Ti0 2 and major changes in the Raman spectra of the Ca0-Si0 2 -Ti0 2 slags with increasing Ti0 2 concentration take place in the high frequency envelope. No new peaks appear in the low frequency envelope of the spectra. The relative intensity of the shoulder around 340 cm" 1 increases slightly compared to the main peak as the titanium concentration increases. This may be caused by additional "defects" or "deformations" in the structure with the presence of tetrahedral Ti 4+ .
The Ca0-Si0 2 -Ti0 x samples equilibrated at 1873 Κ under reducing conditions with oxygen partial pressure in the gas phase of 10" 12 redox ratio decreases the total Ti 4+ concentration in the Ca0-Si0 2 -Ti0 2 system and there is a corresponding increase in the intensity of the 950 cm" 1 peak.
The Raman spectra of the Ca0-Si0 2 -Ti0 2 system are in accord with results on the effect of titania on the silica activity. The Ti 4 ' ion, having tetrahedral coordination, acts acidic (net-forming) and its addition to the Ca0-Si0 2 -Ti0 x slag increases silica activity.
Titanium in the reduced Ti 3+ valency state has octahedral coordination and behaves as a basic oxide.
Lowering the Ti 4f /Ti 3+ redox ratio decreases the silica activity.
IV. CONCLUSIONS
The findings from the study of thermodynamic
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activity of silica and Raman spectra of Ca0-Si0 2 -Ti0 x slags can be summarized as follows:
• The activity of Si0 2 in Ca0-Si0 2 -Ti0 x slags containing up to 17 mol% TiO x , exhibits negative deviation from ideality at Si0 2 mole fractions below 0.50-0.55 and positive deviation at higher silica contents.
• At a constant silica concentration, the activity of Si0 2 in calcium silicate based melts increased with increasing TiO x concentration between 5 and 17 mol%.
• In Ca0-Si0 2 -Ti0 x slags, containing significant proportion of TiOi 5 , the activity of Si0 2 is lower than in oxidised slags containing titanium predominantly as Ti0 2 .
• Consistent with observations made in other published studies; Ti 4+ in oxidized Ca0-Si0 2 -Ti0 2 slags has four-fold coordination and forms similar structural units to Si 4+ , that is monomers and chains.
Ti 4+ is also present in Si, Ti coupled sheet units.
• Introduction of Ti0 2 to Ca0-Si0 2 system alters the equilibrium between de-polymerised and polymerised silicate structural units. Adding titanium oxide to the Ca0-Si0 2 slags decreases the fraction of polymerised silicate units and increases the fraction of polymerised titanate units.
• The coordination of Ti 4^ ion, as well as the structural Si 4+ and Ti 4+ units in Ca0-Si0 2 -Ti0 2 -Ti0,. 5 slags are the same as in the Ca0-Si0 2 -Ti0 2 slags.
• Decreasing the Ti 4+ /Ti 3+ ratio increases the fraction of Si 4+ in chain units relative to that in monomers and sheet units. This confirms that Ti 3+ can be regarded as a basic species. The authors gratefully acknowledge the co-operation
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